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Introduction

Abstract

Analysi s of urinary cal culi offers a somewhat unique chall enge to the clinic a l chemist in
that the very compl ex composition and structure
of these entities impose practical li mitations on
the applied procedures.
The stones are more often than not multi-component systems containing
crystalline and non crystalline material which in
turn can be organic and/or inorganic in composition. In addition, many different morphologies,
sometimes of the same chemical species are
observed.
Several physico-chemical techniques have
been investigated (in some cases developed), and
applied by the author in the qualitative and
quantitative analysis of over 400 urinary and
other human calculi.
These techn i ques include xray powder diffraction
(XRD), infrared s pectroscopy (IR), scanning el ectron microscopy (SEM) in
conjunction with an energy di spersi ve x-ray anal yser, transmission electron microscopy (TEM), xray fluorescence spectrometry (XRF), atomic absorption spectrophotometry (AA), density gradient
analysis, thermal gravimetric analy s is (TGA),
chemi cal anal ysis (CM) and inductively coupled
plasma atomic emission spectroscopy (ICP). All
have been shown to possess inherent advantages on
t he one hand and limitations on the other.
Qualitative chemical methods for exampl e, while being
qui ck and easy to apply, identify only atoms or
groups of atoms rather than compounds. Quantitative procedures such as AA, XRFand ICP are a l so
limited to elemental identifications
but their
extremely sensitive and accurate detection capabil i t i es provide very useful data. The so called "finger print methods", XRDand IR, can identify stone const it uents with a certainty that
cannot be matched by other techniques, but they
too have their li mitations . XRDsometimes fai l s
to detect a component, even when its concentration is as hi gh as 10% (81), if its diffraction
pattern is masked by that of the major component,
while I R cannot easily distinguish between the
various phosphates which occur in urinary calculi.
SEMand TEMpermit morphological studies at the
ultrastr uctura l le vel and can yi eld meanin gful
data concerning stone initiation
and growth mechanisms. However, conclusions based on morphology
alone are risky, while a second unfortunate

All physico-chemical techniques used in the
analysis of urinary ca lculi have inherent advantages and l imi ta ti ans. Although x-ray powder di ffraction can identify constituents unambiguously,
certain minor components can be missed. Infrared
spectroscopy is more sensitive but band assignment
at l ow concentrat ion s is difficult.
Scanning
el ectron microscopy together with energy dispers i ve x-ray analysis permits the simulta neous invest i gation of morpholo gy and chemical microstructure.
However, microanalysi s of ele ments li~ht er
than sodium is not possible and constituents are
prone to irradiation damage. With the electron
microprobe, minor constituents can be detected but
tedious sample preparation procedures are required.
Transmission electron microscopy is extreme ly useful in determining constituent inter-relationships
and ultrastructure
but ultramicrotomy is very dif ficult . Thermal gravi metric analysis gives quantitative
information easi ly but does not satisfactorily distin guish between struvite and brushite.
In an attempt to assess the accuracy of chemical anal yses, 62 calcul i were invest i gated appl ying severa l chemical tests.
Those for Mg2 +,
PQ4 3 - , NH
4 + and uric ac i d proved highly re li able
while that for Ca2 + often yi eld ed an incorrect
result.
The test for oxalat e was totally unsatisfactory.
Investigators of stone composition and struc ture should include x-ray diffraction
(or infrared
spectroscopy} and scanning el ectron microscopy as
their methods of first choi ce . In addition, chemical or thermogravimetric analyses should be
utilized in an auxiliary capacity.
KEYWORDS:Physic o-chemical analysis, Calculi,
X-ray diffraction,
Infrared spectrometry, Scanning
electron microscopy, Transmi ssion electron mi croscopy, Electron microprobe, Chemical methods,
Thermogravimetr ic analysis.
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shortcoming is that energy dispersive x-ray microanalysis of elements lighter than Na cannot be
routinely accomplished thereby precluding the
st udy of purely organic sto nes.
This paper reviews the various positive and
negative aspects of some of the abovemen~ioned
techniques as well as those of some other procedures which have been utilized elsewhere. An attempt i s made to clearly define their capabilities
and shortcomings in the context of stone analyses
so that investigators
interested in stone composition and structure may easily select those
techniques best suited to their own research
requirements.

assessment of the stone patient .
Analytical

Techniques

Exposure of inner surface
The first step in any analysis (after routine
procedures such as weighing, recording dimensions
and other physical features, photography etc.) i s
to expose the inner surface for inspection of the
gross structure and for the selection of representative samples. This is achieved by either
sawing or cleaving the stone. Manyworkers are
however opposed to the former as this can alter
the chemical composition of certain components,
especially those which are hydrated (83). Cleaving is thus the preferred method.
X-ray powder diffraction
(XRD)
In this method a powdered spec imen of crystalline material i s bathed in a beam of monochromatic x-rays.
These are diffracted by the various planes of atoms and are recorded either on
film as a ser ie s of arcs of varying intensity or
as a spectrum on a strip recorder.
The pattern is
characteristic
of the particular crystalline
constituent(s)
present in the sample and is referred
to as the "fingerprint" of that substance (83).
As such it is able to unequivocally identif y
(within certain limit s) the crystalline constituents in a urinary calculus.
XRDwas first reported for the analysis of
stones by Jensen and Thygesen in 1938 (33) and by
Prien and Frondel in the l940' s (66). Since then
it has been extensively used for this purpose (21,
25,48,49,50,51,84,85,86,87).
Prien himself has
reported on the crystallographic
analysis of
25,000 stones (64). Nevertheless severa l serious
shortcoming s have been identified,
the principal
one of which is the failure of XRDto reveal the
presence of constituents in minor concentrations
(67,68,81).
This is attributable,
es sentially,
to
four factors.
The f ir st i s that a constituent
whose concentration i s le ss than about 10% will
give only a weak diffraction pattern which may be
(partly) obscured by the major component. The
second arises from the fact that several urinary
stone constituents have commonreflections in the
x-ray diffraction pattern making it very difficult,
if not impossible, to distinguish one constituent
from another.
This is particularly
true in the
case of apatite, which in any event has a diffuse
diffraction
pattern due to the very small size of
its crysta llite s and its amorphous nature in urinary calculi.
Severa l reflections arising from
the diffraction pattern of apat ite are common
with sharply defined reflections of substances
such as weddelite and struvite.
The net result
is that apatite, a const ituent regarded as being
of some significance is frequently undetected by
XRD( 11 , 12). A third source of error lie s in the
very nature of selecting representative samples
for anal ys is from the interior of a stone. Constituents,
present as distinct but possibly isolated deposits, can be physica ll y missed by the
sampling process. Fina ll y, l imitations are imposed by the equipment employed. The resolution
of reflections
i s directly dependent on camera
radius and inver se ly proportional to the wavelength of tbe rad iation.
A case for using Co

Objectives of Stone Analysis
Of the several approaches to the study of
urinary calculus aetiologies,
it is only the analysis of calculi themselves which enables investigators to accurately characterise the chemical
conditions prevailing at the time of nucl eation
and growth. A comprehensive analysis is important
s ince very often the major component i s deposited
in secondary processes while depositi0n of the
minor component occurs in a primary event.
Once the constituents of a stone have been
identified, aetiology can be postulated and treatment of the disease can be prescribed.
This i s
particularly true .in the case of urinary stones
where se veral aetiological
factors govern their
formation (39,46). These include inherited metabolic disorders such as cystinuria, gout and renal
tubular acidosis;
diseases that caus~ hyperuricosuria, hyperuricemia, hypercalciuria or hypercalcemia and, urinary tract infection s. Each of
these req uires it s own specif i c kind of treatment.
Analysis of a stone yie ld s information which may
enable the clinician to ascertain which of the
above conditions are operative and so prescribe
appropriate treatment.
Complete or total analysis
in which the minor components are all identified
is essential for accurate aetiological
hypotheses.
For example, in a mixed calcium oxalate/uric acid
stone , the condition requiring treatment in the
first instance may indeed be that which originally
lead to the deposition of calcium oxalate, such as
hypercalciuria for example, and not the condition
which resulted in the deposition of uric acid, the
latter possibly havin g occurred in secondary processes. On the other hand the presence of calcium
oxalate monohydrate and uric acid within the same
calculus is a fairly commonobservation which has
led some workers to believe that uric acid promotes the formation of oxalate stones (19). If
this is so, such patients should be treated for
hyperuricosur ia . In either situation, a complete
analysis in which deposition events are sequenced
will provide the answers
In addition to compositional and structural
studi~s. analyses at the ultrastructural
level can
provide additional data for interpreting deposition mechanisms. For example, intimate mixtures of
2 or more components can be indicative of a nonsequential deposition mechanism in certain cases.
Analysis of the composition, structure and
ultrastructure
of urinary calculi is thus very
necessary and signif i cant for a comprehensive
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series of flow charts based on questions, each
requiring a yes/no answer before proceeding to
the next step,
In the author's view this procedure is highly recommendedand has been successfully applied by many workers (20,68,92).
The "decision tree" method is used in conjunction with a set of reference spectra for the
common
ly occurring urinary stone constituents.
Such spectra, together with li stings of the main
characteristic
absorption bands have been reported (59,68). Modlin and Davies (59) al so prepared reference spectra of D(+)-glucosamine hydrochloride and bovine albumin in an attempt to detect the presence of organic matrix. Reference
spectra of certain chemotherapeutic and antibiotic
substances commonlyused in patients with stones
and urinary tract infections were also recorded
by these workers.
Twomethods of sampl e preparation are commonly used. The first involves the preparation
of a mull in which a crushed specimen of the
stone is mixed with a suitable solvent such as
nujol (liquid paraffin) or hexachlorobutadiene
( 24, 60, 74, 93). The second requires the stone
sample to be mixed with some KBr and pressed into
a disc and has been more widely used (3,9,59,63,
68, 89 ,92). In the author's experience the KBr
di sc method is preferable since calculi are not
readily sol uble in the above solvents, which in
any event, give rise to absorption bands which
obscure those of the sample. Tsay (93) and
Brophy and Nash (8) have also expressed the opinion that the di sc method is superior.
According to Oliver and Sweet (63) detection
li mits for the various components of renal calc~i
are: phosphate 1%; oxalate 5%; carbonate 5%;
uric acid/urate <5%; magnesium ammoniumphosphate
10%. The technique i s strong l y preferred by these
authors to wet chemical methods which they found
to be unreliable and inconclu s i ve. Gault et al.
(20) have expressed the same view.
Advantages of IR include it s high s pecificit y
and reproducibility.
It i s quick, relatively inexpensive and requires small sample s izes.
Its
detection li mit s are such that it i s more sensitive to the presence of low concentration consti tuents than XRD
. The technique is able to distinguish between calcium oxalate mono and dihydrates and between uric acid and its dihydrate.
Simplicity of operation i s another advantage. In
this latter context it is somewhat amusing to
note the comments of Modlin and Davies (59) :
"There is no high intellectual
barrier to the
in terpretation
of infrared spectra and the abili~
to do so is readily acquired with practise".
Mention should be made of the new Fourier
Transform computer controlled IR machines which
al l ow the investigator to strip out standard IR
patterns from observed data thereby permitt in g
the id entification
of noise signa l s as opposed to
weak signa ls from a specific component.
Despite the a~ove comments however, it is
the view of the author that band assignment at
low concentrations remains difficult and depends
to a la rge extent on the experience of the investigator.
(A Perkin Elmer 180 grating inf rared
spectrophotometer was used in IR stud i es conducted
by the author.)
Further, while quantitative data

radiation has recently been presented (23). In
the author's experience a strip is preferable to
photographic film for the recording of the diffraction pattern as smaller peaks are more easily
detectable.
It should be noted that the resolution limitations described above are associated with OebyeScherrer cameras. Resolution of reflections can
however be greatly i mproved by using quartz crystal monochromated Guinier diffraction cameras.
A method for the application of XRDin the
quantitative anal ysis of calculi has been described (81 ). This relies on intensity comparisons
between reflections recorded for a set of standards of known concentrations and the unknown
sample.
Until recently, it has not been possible t o
distinguish between the two commonlyoccurring
urinary apatites, carbonate - and hydroxyapatite
by XRD(83). A simple chemical test using hydrochloric acid to liberate CO2 from the carbonate
apatite has been used but, in the author's view is
unsatisfactory
due to difficulties
in detecting
the CO2 • However based on a method reported by Le
Geros et al. (42) which examined the shift in the
28 position of the 300, 410, 002 and 004 reflections, a procedure for determining the CO~content
of urinary stone apatite on a semi-quantitative
basis has been devised (70).
As discussed later, all stones contain about
2.5 % amorphous material, commonly referred to as
"matrix".
Such material does not give x-ray diffraction patterns (15). However, the organic matrix in "matr ix stones" does give a very broad band
(13). The application of XRDin the analysis of
the matrix component of calculi i s thus clearly
1imited.
In summary, the advantages of XRDmay be listed as follows:
(i) the technique affords unambiguous iden t ific at ion of constituents;
(ii) small
sample s izes are required and (iii) sampling
throughout the stone spec imen is poss ible.
The
principal disadvantage lies in the fact that incomplete identification
of all the constituents
present is an inherent risk of the method. Notwithstanding this however, XRDremains, in the
author's view, the method of first choice in
urinary stone anal ysis.
Infrared spectroscopy UBl
In this technique, the vibrational spectrum
of a sample i s measured by passing infrared radiation through it and recording which wavelengths
have been absorbed and to what extent.
Most organic and inorganic materials show absorption
yielding a spectrum which is characteristic
of the
particular substance. The infrared spectrum is
thus a fundamental property of a compound and may
be regarded as its "fingerprint" in the same way
as the XRDpattern.
Since 1955 when one of the first reports of
using IR to anal yse rena l calculi 9ppeared (2) the
technique has been very widely applied in this
field (3,20,24,28,59,63,89,92,93).
Some of the
early approaches (1,97) however failed to provide
a systematic method unt il Oliver and Sweet (63)
devised their classic step-by -step "decision tree"
procedure for the qualitat i ve analysis of IR spectra of ca 1cul i. This method is presented as a
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responsible for cohesion in these sto nes. The
same effect has been observed using bright field
TEM( 14, l 5).
The author has reported previously that SEM
very often identifies the presence of a minor
component which other techniques have failed to
detect in a particular analysis (68). This is
frequently the case in apatite/struvite
urinary
ca lculi . For such stones, micrographs and x-ray
elemental distribution
maps can be used to show
intimate mixtures of 2 or more components, in
many cases suggesting nonsequential deposition
mechanisms (figures 8 toll).
The presence of Ca
(as apatite) in intimate contact with the large
struvite deposits suggests exactly this.
On the
other hand alternating depositions have also been
reported (ll).
In addition to the crystalline
component,
urinary stones are known to have an amorphous organic matrix which may play either a primary or
secondary role (6,13,52).
Cheng et al (15) have
pointed out that organic matrix coatings of crystals have been studied by SEMin several investigations of well miner a lised human and
experimenta l animal stones (35,38,53,72,96).
Observations by the author in SEMstudies indicate
that the matr i x serves as a binding agent for
crystals and is thus in agreement with the recently published observations of Ogbuji and Finlayson (62), Cheng (14) and Cheng et al (15). In
f i gure 12 for example mucoid material is seen
binding cystine crystals in a urinary calculus
and bears a striking resemblance to the struvite
crystals held in a "matrix" urinary stone (figure
13). The corresponding EDXspectra (acquired for
100 and 1200 seco nds) and x-ray elemental
distribution maps are presented in figures 14 to
18 . These show the elemental composition of the
matrix component (figure 15) and also indi cate the
presence of significant deposits of apatite which
had not been detected in earlier XRDanalyses.
SEMthus provides a useful analytical tool for the
study of the amorphous matr i x material present in
all stones.
The technique has many other advantages.
Besi des being a very aestheti-cally sat i sfying
technique it permits the stone researcher to
clear ly visualise at an intimate ultrastructural
level, physical features which, at best, can only
be indicated by other methods. Whenlinked to an
EDX,qualitative microanalysis can easily be conducted. Quantitative data however cannot be routinely acquired.
Detection of elements lighter
than Na (Z = ll ) is not possible with sta ndard
analysers and this presents an unfortunate shortcoming in the technique as stones of a purely organi c nature (eg, uric acid and urates) cannot be
subjected to microanalysis.
Cystine, however,
can be analysed for its sulphur content.
Another
limitation involves the selection of samples which
are re presentative of stone structure.
This is
difficult
to achieve. Regions of particular interest may indeed be physically missed by the
sampling proces s.
A critical assessment of the role of SEM(and
TEM)in the analysis of urinary calculi has recently been published by Crawford (16). He points
out that it is incorrect to assume that easily
interpretable
data can be obtained from EDXand
secondary elect ro n imaging at higher resolution.

i s possible, it involves tedious and precise sample and standard preparation.
In addition, the
sampling problem noted for the XRDmethod occurs
in IR sample preparation techniques as well.
Nevertheless IR must rank very high as one of the
first methods to be used in an analytical approach of renal calculi.
It is just as powerful
as XRDand each should be considered as a worthwhile alternative
to the other.
Scanning electron microscopy (SEM)
SEMhas recently been gaining wide acceptance as an analytical tool in urinary stone analysis (5,7,22,26,27,36,43,44,57,62,73,75,76,77).
Whencoupled with an energy dispersive x-ray
analyser (EDX), the technique provides the inve s tigator with a unique opportunity to simultaneously investigate the morphology and chemical microstructure of stones. This is of great value with
respect to at lea st two aspects of stone growth
and aetiology - (i) the role of epitaxy and (ii)
the role of apatite in stone formation.
It has
been hypothesised that the former might provide a
crystallographic
explanation of sto ne growth mechanism (47) while the latter is the most prevalent
crystalline
constituent or urinary calculi and
also occurs in prostatic,
biliary and salivary
calculi.
SEMstudies of this material can provide
some insight into the similarity of the morphogenesis of uroliths and other types of pathological ti ssue calcification
in which apatite i s the
primary constituent.
An excellent review on
stones and their analysis by SEMhas been published by Kim (37).
As stated earlier,
identification
of the constituents present in a urinary calculus often provides the bas i s for the clinical management of
urolithiasis
in recurrent stone formers and i s of
primary importance in the investigation of stone
aetiology . In the very first instance, SEMpermits the identificati on of urinary (and other)
stone constituents on the basis of crystal shape
and chemical composition (36). Figures l to 7
show examples of the various characteristic
crystal morphologies as they typically occur in urinary calculi.
These micrographs were recorded by
the author using a Cambridge 5180 Scanning Electron Microscope operating in the secondary electron collection mode at a nominal beam potential
of 15 kV and beam current of 500 µA.
Spector and Jamieson (77) showed in their
SEMstudies of urinary calculi that apatite crystallites
occur in spherical aggregates of diameter
2 - 10 µm and that the spheres themselves were
made up of concentric spherical lamellae which
appeared to have been produced by successive
stages of growth. Spector et al (75,76) have
pointed out that the spherical apatite deposits in
urinary calculi are remarkably similar to apatite
deposits identified in a variety of calcified tissues such as nephrocalcinosis for example. These
workers suggest that in some cases, urinary apatite deposits might be derived from renal calcification.
In a more recent SEMstudy of whewhellite stones (62) the crystalline
phase was shown
to occur in oriented clusters within which the
crystals were stacked with their broad faces parallel.
Gaps between the crystals were shown by
dark field TEMimaging to contain an amorphous
phase thus indicating that stone matrix is sandwiched between the crystals and may therefore be
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£.:i.g__,_____}:
Calcium oxalate monohydrate "coffin-

shape" crystals.
Bar= 10 µm.
~:
Calcium oxalate dihydrate bipyramidal
crystals on outside surface of calculus.
Bar
= 30 µm.
~:
Apatite. The tiny hair like crystals
aggregate into spherular deposits which have
diameters -10 µm. Note the ribbon-like organic
matrix which appears to be linking the crystals.
Bar= 20 µm.
~:
Columnar crystals of brushite . Bar=
30 µm.
~:
Aggregates of fibrillar
sodium acid urate
monohydrate crystals.
Bar= 20 µm.
~:
Dipinacoidal and trapezoidal crystals of
struvite.
Bar= 30 µm.

~:
Rectangular plate-shaped cystine
crystals.
Bar= 10 µm.
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He shows that urinary stone constituents are prone
to irradiation damage and that, as a result,
artifacts are induced. According to Crawford,
another serious source of artifacts
is in sample
preparation.
He recommends freeze- or critical
point orying and cryo-fracturing followed by SEM
analysis without delay .
In the author's view, SEMis a highly recommended, easy-to-apply procedure which, when coupled with one of the fingerprint methods (XRDor
IR}, can provide much useful data concerning
stone growth patterns.
Indeed, Kim's concluding
comment is particularly apt: "(S}EMis one of
£_j__g__,_____!:
Mucoid deposits binding cystine crystals
the most powerful tools with which to study stones
together (left hand side of micrograph). Bar=
not only for research but also for diagnostic
10 µm.
purposes" ( 37}.
Electron microprobe (EMP)
The technique of EMPwas originally developed for use with compact metallurgical and
Jm1111 mineralogical specimens. Mineralised tissues
were the first biological specimens to be exam!11111111
ined by microanalysis and the reader is referred
c~mll to a very comprehensive review of this field by
NC. \ . CL K .. ·.·
Nicholson and Dempster (61).
As far as EMPanalysis of urinary stones is
. ~!l ·:a....,\ .•J·..·
I.
,,
concerned, the technique has not been very widely
applied, SEMhaving been preferred by most investigators.
Chambers et al examined 115 small
Figures 14 and 15: EDXspectra for the area
renal calculi using EMPand discovered small
shown in Figure 13. Acquisition time 100 seconds
areas of calcium phosphate which had not been de(Fig. 14) and 1200 seconds (Fig. 15). The longer
tected by XRD(10) . A similar result was reporacquisition permits the collection of signals from
ted by the author in the analysis of 48 stones,
the sparsely dispersed matrix deposits.
(Al
using
a Philips powder camera (Debye-Scherrer
signal arises from the aluminium stub).
type) of radius 28.65 mmwith nickel filtered
CuKa radiation and a Cambridge Microscan V Electron Microprobe (67).
Shortcomings of this technique include its
inability to distinguish between the two hydrates
of calcium oxalate and between the various phosphates of calcium. As such, it cannot be used as
an independent technique in the analysis of calculi.
One of the two fingerprint methods must be
used in conjunction with EMPin order to minimise
the risk of an incorrect assignment. EMPanalyFi gs. 8 to 11: Large struvite substrate sursis is confined to elements with Z > l l thus prerounded by apatite deposits (Fig. 8) and X-ray
cluding stones of a purely organic content.
Perelemental distribution maps for the area in Fig.
haps the biggest disadvantage of the technique is
8 for M9 (viz. struvite, Fig. 9), Ca (viz. apatite,
that tedious sample preparation procedures have
Fig. 10), and P (viz. struvite and apatite, Fig.
to be followed. These involve cutting, embedding
11). Bar= 10 µm.
(in an appropriate resin), grinding, polishing
and washing the sample all of which could have
some influence on its composition and ultrastructure. Over and above these, there exists, as
~,ith the other methods, the possibility that the
sampling procedure will fail to obtain truly representative specimens.
As an ultrastructure
tool, EMPcannot compete with SEMin terms of ease of sample preparation and imaging. This is clear from the fact
that a far greater number of investigators have
Figs. 13, 16, 17 and 18: Struvite crystals enused the latter in their analysis of urinary
meshed in a "matrix" stone (Fig. 13). Note the
stones.
similarity of this figure with Fig. 12. X-ray
elemental distribution maps for the area in Fig.
Transmission electron microscopy (TEM)
13 for Mg (viz . struvite, Fig. 16), P (Fig. 17,
By means of this technique, investigators
the wide-spread appearance of P suggesting
may delineate the ultrastructure
of the various
presence of another P-containing component,
deposits which occur in human urinary calculi and
possibly APA), and Ca (Fig. 18). Figures 16 - 18
determine their relationship to other stone conagain suggest a simultaneous precipitation
of STR
stituents.
TEMand associated selected area
+ APArather than a sequential deposition
electron diffraction techniques have the unique
process. Bar= 60 µm.
potential of providing direct evidence of

...
:mnn

mn

j:Jm

751

A.L. Rodgers
mechanisms, such as epitaxy, which are regarded
as playing key roles in stone formation. As with
SEM, but perhaps to a slightly lesser extent, TEM
is being employed as a powerful analytical tool
in stone research (7,l2,l3,l4,l5,l8,34,36,57,62,
75, 76,77).
One of the major problems encountered in TEM
research of hard tissues or concretions is ultramicrotomy (i.e., preparation of thin sections
about l 00 nm in thicknes s). Recently, Spector
and Lilga (78) presented arguments for implementing high voltage electron microscopy (HVEM)in
the study of the ultrastructure
of urinary calculi.
In an earlier study, El-Sayed and Cosslett (17)
used this technique for the investigation of 3
oxalate stones.
Conventional TEMoperates at
voltages in the 700 kV range while HVEM
employs
voltages 70 times greater.
This results in several advantages (78). The first of these is increased electron beam penetration power which
allows thicker sections of urinary stones ( > l µm)
to be examined. This in turn facilitates
microtomy in that thick sections are obvious ly easier
to prepare. Another problem with thin sections
is that they can undergo some degree of demineralisation as they float on the trough solution in
the ultramicrotome.
This effect is reduced with
thicker sections.
In addition, the capability to
examine thick sections affords the opportunity of
performing stereomicroscopy.
A second advantage of HVEM
over conventional
TEMis that electron beam-induced charges in the
spec imen are le sse ned at high voltages because of
a reduction in the inelastic scattering.
These
induced charges are known to occur in apatite and
calcium oxalate where voids or "bubbles" can be
formed within the crystallites
(78).
Both conventiona l TEMand HVEM
require the
use of expensive equipment. Sampl e preparation
is of vita l importance and investigators
should
be aware that ultramicrotomy is a specialised
technique requiring skil led ability on the part
.of t he operator.
The success of TEManalyses i s
indeed very often dependent on the quality of
the thin sect ion s. As such, the technique should
be cautiously undertaken with due attention being
given to the considerable amount of t i me and effort that must be expended in the preliminary
stag es .
Chemical methods (CM)
According to Larsson et al. (41) the first
paper describing the chemical analysis of urinary
calculi was published by C.W. Scheele in 7776.
Since then conventional chemical techniques of
analysis have been adapted to the study of calculi
and have been extensively used in this field (l,
25,30,88,98).
Very useful step -by- step qualitative analysis schemes have been published (l,37,
32,40), while attempts have been made to devise
similar such procedures for quantitative analyses
as well (31,97,99).
Minor components, which can be missed by
more powerful techniques such as XRO(88) can be
detected by CM. The analyses are simple to perform and are economically attractive
in that special equipment is not necessary and the reagents
needed are routinely available.
Small quantities
of stone are required and tests are rapidly
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completed.
On the other hand CMwill only identify radicles and ions and not individual constituents.
No distinction can be made between hydrates of
ca l cium oxalate and uric acid nor between the
various calcium phosphates which common
l y occur
in urinary calculi.
In qualitative analyses it
is very often difficult
to detect predicted colour
changes with the result that observations cannot
be interpreted (65). Generally, the tests have
widely varying sensitiv itie s and spec ificitie s (65)
and cannot relate to structure and ultrastructure
(37). Quantitative determinations require elaborate procedures (31). Limitations due to the
sampling procedure are again operative.
Table l lists some unpublished results of a
recent study conducted by the author in which 62
urinary calculi were in dependent ly analysed by CM
and XRO. The investigation was carried out in an
attempt to clearl y assess the accuracy and value
of CMprocedures relative to the well established
XRDroutine.
Diffraction patterns were recorded
on Kodak NS- 392T film using a Philips powder
camera (Debye-Scherrer type) of radius 28.65 mm
with nickel fi ltered CuKaradiation.
The 2 sets of analyses were conducted in a
"double bl ind" approach in which CMwere applied
to the entire series prior to XRO. The latter
was performed without reference to the results
obtained from CM.
The following tests were carried out (in all
cases a 5 mg aliquot powdered sampl e was used):
(a) Calcium. 5 drops 70% (V/v) HCl were added
and the mixture was swir l ed. Addit i on of 3
drops 20% (W/v) NaOHfol l owed by the appear ance of a white cloudiness was interpreted
as positive for Ca (l).
(b) Magnesium. 5 drops 70% (V/v) HCl were added
and the mixture was swirled. Addition of 3
drops 20% (W/v) NaOHfollowed by 2 drops
Magneson II reagent (para-Nitrobenzene-azoa -naphthol ) . The latter was prepared by
di sso l vin g 0.00 7 g in 700 ml l M NaOH. A
blue colour or blue precipitate was taken as
positive for Mg ( l). Note that Magneson II
was used in preference to Magneson I (recommended by Beeler et al. (l )) because it i s
more sensitive (94).
(c) Phosphate. 3 drops 3.5 % (W/v) ammoniummolybdate in 25% (V/v) HN03 were added. The appearance of a yel l ow colour after heating
was interpreted as positive for phosphate (l ~
(d) Oxalate. 3 drops cone. HCl followed by 3
drops 20% (W/v) sodium acetate were added.
A white precipitate was interpreted as positive for oxalate (88).
(e) Ammonium
. An aliquot of~ 0.5 ml 70% (W/v)
KOHwas added and the mixture heated. Evolu tion of ammonia (litmus paper) was interpreted as positive for ammoniumion (31).
(f) Uric acid. l drop 20% (W/v) Na2 C03 followed
by 2 drops Folin's Reagent were added. Appearance of a deep blue colour was interpreted as positive for uric acid (l).
(g) Carbonate. The evolution of CO2 on the addition of HCl i s regarded as a positive test
for the presence of this ion. However, there
appears to be some confusion over the optimum
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Analy s i s of 62 urinary ca l culi by CMand XRD. COM:cal cium oxalate monohydrate; COD:calcium
UA: uric acid; UAD:uric ac i d dihydrate;
oxalate dihydrate;
APA: apatite;
STR: stru vite;
NaU: sodiu m acid urate monohvdrate; CVS: cvstine.
Uric acid was posi tive ly identified by CMin
all 9 stone s which were found by XRDto be of
uric acid/urate composition. A further 9 stones
(8 of which are STR/APA)al so gave a positive CM
test for uric acid.
These resu l ts indicate that the chemical
2+, Poi -, NH! and uric ac i d are hi ghte sts for MG
ly reliable and can be undertaken with confidence.
The chemi cal test for ca 2+ however, whil e being
reasonably successfu l, can fail even though the
ion is present.
Finally, the test for oxalate
must be regarded as being totally unsatisfactory.
The CMtest for uric acid i s very useful in
that the component i s th ought to pla y an epitactic role in calcium oxalate stone formation (47).
In the pr esent study the occurrence of uric ac id
in 8 STR/APAcalculi i s in agreement with the
results of Sutor (82) who reported th at ammonium
acid urate i s th e most common
ly occurr in g compound found in thi s type of ston e.
The test for PoJ- is useful too in that i t
provides th e in vest ig ator with an excellent indicator of the poss ibl e pre se nce of small amount s
of apatite, so often mi ssed by XRD. The t ests
for Mg2+ and NH
! are equally suited for th e detection of str uvite, it self an in dicat or of the
presence of urinary tract infection.
The te s t for co~- proved unsat i sfac tor y .

concentration HCl to use. Beeler et al. (l)
used 10% v;v, Hodgkinson (31) 2N, Sutor and
Scheidt (83) lN and Sutor and Wooley (88)
15N and Holt and Tarnoky (32) 2N. For the
present study concentrated HCl was used
throughout.
In addi tion, the test was repeated on 26 of the stones using 2 !i HCl.
From Table l it can be seen that CMdetected
the presence of Ca in 40 of the 56 stones i dent ified by XRDas cal c ium oxalate and/or apatite.
Ten of the chemical tests were however only weakly positive.
Struv it e and apatite were detected i n 30
stones by XRD. These ca lculi all yi elded a positive chemi cal test for Po:- (3 weak). In addi tion posit i ve tests were also recorded for a further 15 sto nes (8 weak).
Mg2+ and NH! were posit i vely identified by
CMin all but one of the 18 str uvit e stones.
Mg2+ was al so found in 15 other sto nes (of which
14 were s hown to contain Po:-) while NH!was detected in a further 5 stones (4 weak).
Of the 37 sto nes i denti f ie d by XRDas calcium
oxalate, only 8 stones (5 weak) gave a positive
chemical test for oxalate.
This ion was also
weakly indicated in a f urt her 4 stones (all STR/
APA).
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sample is monitored by observing the shortening
of the previously calibrated spring with the travellin g telescope at E. A typical desorption
profile for a struvite/apatite
ca lculu s is shown
in figure 20.

In most cases it was difficult
to detect the evolution of gas while 25% of the stones indep endently tested with both 2Mand cone HCl yie lde d a
different result for the 2 acids.
It can thus be readily appreciated that CM
cannot give an absolute account of constituents or
structure.
Nevertheless there can be no doubt
that there are certain advantages which make such
analyses worthwhile. The author is in aqreement
with the view expressed by Kim (37) that CMhas a
role to play in the analys is of urinary calculi,
but only in an auxiliary or support iv e capacity.
In other words, at least one of the other more
powerful physico-chem ical procedures needs to be
utilised in conjunction with CMif an accurate and
reliable picture of stone composition is to be
attained.
Thermal gravimetric analysis (TGA)
With this technique, a substance i s heated
gradua lly while on a balance to a high temperature
and the weight changes occurring at particular
temperatures are observed. Compoundslo se weight
at specific temperatures so permitting their characterisation.
The particular temperatures at
which the weiqht changes occur indicate the nature of the substance present and the extents of
the changes indicate the amounts present.
The application of TGAin the st udy of urinary calculi was first reported by Strates (79,80)
and Berenyi and Liptay (4). Althou gh these studies suggested that the technique was very useful
in this fie ld it was not widely adopted. Rose
and Woodfine (71) however realised it s potential
and used the procedure successfu ll y in the
analysis of over 500 calculi.
They pointed out
that there are severa l advantages associated with
the technique (71). In the first instance it is
easy, rapid and gi ves quantitative information
about stone composition. Secondly, TGApermits
the identification
of the proportions of calcium
mono- and dihydrates present in a urinary calculus.
Rose and Woodfine further have drawn attention to
the fact that very small sample s ize s are required and that the method i s free from radiation
hazards and is relatively cheap. On the other
hand however, a ser iou s shortcoming of TGAlie s
in it s inability to satisfactori ly distinguish
between struvite and brushite as the TG tracings
for these two compounds are very simi lar (71).
Supportive data from other techniques are thus
required to avoid ambiguity. As with all the other procedures, sampling problems exist.
In a study aimed at characterising apatite
in urinary calculi (70) a very simple design of
TG balance was successfully used by the author.
The device is based on a sor ption balance, firs t
described in 1926 by Mcbain and Bakr (54), who
used it for sorpt ion measurements involving charcoal. A quantity of sample (~350 mg) is placed
in the glass bucket A suspended at the end of the
spring B (figure 19). The dehydration eel l C
forms part of a glass vacuum line and is maintained at a pressure of less than l .33 Pa and at temperatures of 130 and 270°C for 2 and 3 hours respectively . Elimination of moisture and adsorbed
water is expected to occur at about l30 °C while
water of crystallization
is given off at approximately 240°C (80). The loss of water from the

C

'

'

C=:D

~, , E

Fig. 19: Simple thermogravimetric balance used
for the analysis of urinary calculi.
A: glass
bucket; B: spring; C: dehydration cell; D: heater;
E: travelling telescope.
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Fig. 20: Thermal decomposition profile
STR/APAurinary calculus.
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Results obtained usin g the Mcbain balance
are obviously dependent on the success with which
water is eliminated prior to commencementof the
desorption process . Care however, must be exercised to avoid elimination of water of crystallization (70).
The technique may also be used for monitoring the decomposition of organic material (expected at about 375°C (80)), but measurements at
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very high temperatures are not possible since limitations are imposed by the use of glass apparatus. These factors suggest that TGAusing the
Mcbain balance could be most worthwhile in the
study of urinary calculi.
Summary
Besides those techniques described above,
several other physico-chemical procedures have
been utilised in the analysis of urinary calculi.
Perhaps the principal of these is polarising
microscopy (1,25,29,66,83),
while others include
x-ray fluorescence spectrometry (68), atomic absorption spectrophotometry (9,68,98), density
gradient analysis (69), inductively coupled plasma
atomic emission spectroscopy (ICP) (45,58,95),
autoradiographic analysis (ARG) (55) and proton
induced x-ray emission (PIXE) (56,90). All of ·
these, with the exception of polarising microscopy,
have not been widely used in the analysis of
stones. On the other hand, techniques such as IC~
ARGand PIXE represent exciting examples of the
new and powerful procedures that are being employed by stone researchers today.
The analytical methods reviewed in this paper
are those which have been most widely used and
which are likely to be available to investigator s
in most hospital and/or university laboratories.
With regard to both the clinical and scientific
aspects of urolithiasis,
it should be clear that
no single technique can provide all the data required for understanding the aetiology of a particular calculus.
Judicious choice however of an
appropriate analytical approach can save much time
and effort and can yield meaningful results.
In the author's view, inve st igator s of stone
composition and structure should include XRD(or
IR) and SEManalyses as their methods of first
choice. No in-depth study should be undertaken
without these techniques being employed. One of
two other procedures, CMor TGA, should be utilised in an auxiliary capacity, with a slight preference for the former. Specialised techniques
should only be considered when an investi gator i s
fac ed with an unusual problem such as, for example,
the identification
of dihydroxyadenine (74). In
this way it is anticipated that new and enlightening insight s i nto the aetiology of stone disease
will be attained.
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Discussion with Reviewers
P.T. Cheng: What is the mass of the smallest kidney stone or fragment that can be analysed by each
method?
Author: (a) XRD- 0.5 mg. Only a minute gra in i s
required in the Debye-Scherrer camera; (b) IR 10 mg. This i s mixed with 90 mg of KBr and pressed into a disc under a pressure of l0 6 Nm-2 ; (c)
SEM- 5 mg; ( d) TEM- 5 mg; ( e) EMP- 5 mg; ( f)
CM- 20 mg. A number of separate analyses, each
requiring (ideally) 5 mg aliquots, must be performed; (g) TGA - 5 mg (71).
P.T. Cheng: In chemical methods, how do you treat
contaminants such as blood cells and casts? In my
exper ience with commercial kits, it i s Mg and oxalate which present too many false pos itive results.
Author: No special procedures were followed for
the treatment of contaminants.
In all cases, calculi were washed with distilled water to remove
any blood or attached tissue as described by
Beeler et al (1) and Hodgkinson (31).
S. Deganello: Guinier cameras using monochromated
radiation and focus s ing monochromators have lon g
been used to resolve diffraction pattern s. Have
you systematica lly compared the advantages/disadvantages of suc h an approach with those of conventional powder diffractometry in kidney stone
analysis?
Author: No, such a comparison has not been made.
Nevertheless, it i s well known that use of quartz
crystal monochromated Guinier diffraction cameras
great ly improve resolution of reflections and
thereby permit more accurate identification
in
mixed component stones.
Furthermore, while the
Debye-Scherrer camera requires exposure times of
about 3 hours (CuKa radiation, x-ray generator
operating at 40 kV, 20 mA) for a single sampl e,
the Guinier camera can accommodate 4 samples s imultaneously and requires only 1 hour exposure.
On the other hand, much smaller calculi can be
analysed with the Debye-Scherrer camera.
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